We first examine characteristics of in-cloud sulfate chemistry of a mid-latitude convective cloud using a different model initialization. Specifically, we studied the relative importance of convection on sulfate aerosol transport and redistribution. The analysis is focused on 4 April 2000, when considerable dust transport is evidenced with high concentration and wet deposition of sulfate aerosol measured at the European Monitoring Environmental Program (EMEP) station located in the western mountain part of the Republic of Macedonia. The cloud-resolving model coupled with aqueous sulfate chemistry module has been employed to simulate the sulfate aerosol aqueous chemistry and wet deposition. The modeled results and sensitivities under various initializations are evaluated and compared with a ground-based measurements and laboratory analysis. The results indicate that the local environmental profiles derived from 2.5 km-scale WRF model provides a better cloud model initialization, capable of realistic representation of sub-grid-scale processes which are not adequately resolved by the WRF model with a coarser grid resolution. The method also shows a relatively good performance in simulation of cloud physical processes which take place in-cloud and the near cloud environment, cloud-chemistry interactions, relevant to sulfate acidification and sulfate deposition, which allows a more accurate quantitative assessment of sulfate concentration and pH values. Analysis also indicated that scavenging and oxidation are the principal processes affecting sulfate production, participating with 33 and 46%, respectively. Turning off the ice-phase processes leads to overprediction of sulfate aerosol production for about 8% relative to the base run. The verification analysis indicates that the numerical simulation initialized with a 2.5-km-scale WRF model shows a higher correlation coefficient with observations compared to other runs. This approach of initialization based on WRF conditions provides a scientific contribution by evaluating simulations of convective clouds in Macedonia against ground-based meteorological and chemical data, as well as by using the model to understand the driving processes affecting sulfate production and wet deposition.
Introduction
Convection plays a significant role in vertical transport of atmospheric pollutants, redistribution, and wet deposition. Because of these processes the effect of convection is critical to our understanding of air quality, chemistry-climate and the effect of acidic precipitation on the surface (Wang and Prinn 2000; Barth et al. 2007b; Tao et al. 2012) . Many previous studies examined sulfate chemistry processes within cloud using one-dimensional models constraining the physical interpretation of the modeled results (Hales 1982; Walcek and Taylor 1986; Taylor 1989) , or three-dimensional cloud-chemistry model used by Tremblay and Leighton (1986) and Niewiadomski (1989) , but they primarily focused on warm convective clouds. Scavenging, as important process for the redistribution of chemical species by convective clouds, has been studied by using different methods (e.g. Easter and Hales 1983; Giorgi and Chameides 1986; Cohan et al. 1999; Crutzen and Lawrence 2000) . Wang and Chang (1993a, b) developed and applied a three-dimensional cloud-chemistry model to study deep convection and chemical processes, transformations, and redistribution of pollutants. The results for a similar research study using different model versions with upgraded microphysics or chemistry parameterizations have been discussed (Wang and Crutzen 1995; Kreidenweis et al. 1997; Wang and Prinn 1998; Wang and Prinn, 2000; Spiridonov and Ćurić 2003 Spiridonov and Ćurić , 2005 Spiridonov and Ćurić , 2009 ). Barth et al. (2001) examined the redistribution of gases of varied solubility during deep convection, while Yin et al. (2001) used a 2D meteorological model with full microphysics and spectral method of gas scavenging. Ekman et al. (2004 Ekman et al. ( , 2006 coupled the cloud-resolving model with an explicit aerosol module to examine aerosol chemistry during deep convection. The evaluation of the results from a number of sensitivity runs implied that accumulation mode aerosols, which play as main cloud condensation nuclei (CCN), are completely removed with heavy precipitation, while nucleation mode aerosols grow fast due to coagulation of aerosols and condensation of S (VI). They also found that the size distribution of aerosols strongly influences their behavior in convective cloud. Stuart and Jacobson (2003) investigated the freezing transport mechanism and retention of volatile chemical species in clouds. They argued that for a highly soluble species, the cloud model parameterizations which assume that volatiles escape during freezing tend to overpredict a gas-transfer process between two phases. In addition, their results imply that for chemical species with low Henry's Law coefficient, freezing conditions have significant impact on retention of chemicals on ice particles. Barth et al. (2007a) incorporated a simple gas-aqueous chemistry parameterization scheme within Weather Research and Forecasting Model (WRFAqChem) to examine the redistribution of some chemical species by deep convection for the 10 July 1996 STERAO storm. Results indicate significant difference in vertical redistributions of the soluble species considering the freezing transport mechanism (retention and degassing) and also showed some uncertainties in simulation of the influence of deep convection on upper tropospheric composition and chemistry. The impact of dust on naturally produced particulate matters (PMs) in the Mediterranean and North Atlantic is studied by Kallos et al. (2006 Kallos et al. ( , 2007 . Later, some improvements of their modeling system have been provided (see Spyrou, et al. 2010 ) by incorporating new features for the description of the planetary boundary layer (PBL) and some dust features. A few years later, Pérez et al. (2011) The results from their evaluation and comparative study suggest about the importance of dry deposition fluxes on atmospheric burden concentration. They also found the importance of incorporation of a diurnal cycle in anthropogenic emission fluxes in the model configuration, which will significantly improve the ozone and sulfate concentrations. Tuccella et al. (2012) employed WRF model coupled with chemistry (WRF-Chem) without aerosol-cloud feedback to examine the transport of gases and aerosols over Europe. While their meteorology results well fit with the observation, model tends to underpredict sulfate by a factor of 2, due to the missing parameterization of aqueous-phase oxidation processes of sulfur dioxide (SO 2 ) by hydrogen peroxide (H 2 O 2 ) and O 3 , as important in sulfate production. Wonaschuetz et al. (2012) used airborne measurements and parcel model to examine the effects of shallow convection on vertical distribution of aerosol and gases. They emphasized the role of convective transport in altering the vertical distribution of aerosol chemistry and aqueous-phase production of aerosol mass (sulfate and organics). A coupled WRF/ HYSPLIT numerical modeling approach has been adopted by Yerramilli et al. (2012) to examine the atmospheric dispersion of SO 2 and NOx from elevated point sources in the Mississippi Gulf Coast region. Results indicated the potential benefit of the method of source identification through back trajectories and the strong influence of the atmospheric flow patterns on pollutant dispersion and provided better understanding of sources of air pollution. Bae et al. (2012) incorporated a newly developed below-cloud scavenging scheme in the Community Multiscale Air Quality (CMAQ) model to examine the effects of below-cloud scavenging on aerosol concentrations over East Asia during spring 2001. The results from the simulations of wet deposition fluxes of aerosols by the new scheme, show better agreement with observations. The topography effect on convective cloud evolution and its impact on sulfate transport and redistribution in non-polluted and polluted environment were examined using Advanced Regional Prediction System (ARPS) with coupled aqueous sulfate chemistry sub-model developed by Vujović et al. (2014) . The results indicate that topography greatly affects the vertical transport of sulfate aerosol. In addition, they found that alternately turning off topography leads to underprediction of sulfur mass at the surface by about 25-30%. Berg et al. (2015) incorporated new chemical and microphysical parameterization schemes in WRF-Chem model incorporating some micro-and macrophysical parameters including the aqueous chemistry of aerosols and trace gases and wet deposition in warm clouds. The main objective of their work is to improve the regional-scale forecast and the cloudaerosol processes and their interactions. This study revealed that these upgraded schemes in WRF-Chem contributed to better forecast of cloud droplet number concentration compared to a simple gas-aqueous chemistry parameterization scheme developed by Barth et al. (2007a) or WRF-Chem simulation without aerosol-cloud parameterization employed by Tuccella et al. (2012) . This modification also demonstrated ability for a better treatment of cloud-aerosol interactions and its life cycle in a realistic manner over regional to synoptic scales. In addition, numerical studies by Barth et al. (2016) examined the role of deep convection on transport and redistribution of trace gases and aerosols and scavenging by thunderstorms observed over the central USA during The Deep Convective Clouds and Chemistry Project (DC3) field experiments in the central USA using for the first time a full set of chemical measurements and ground-based and remotesensing observations. Results show comparable H 2 O 2 scavenging efficiency with former studies and also suggest that the thermodynamic environment plays a role in the degree of scavenging. As part of this field campaign, Bela et al. (2016) reported that high-resolution 1-km WRF-Chem with a simple wet scavenging scheme showed ability to simulate storm dynamics and tracer transport quite well and that scavenging efficiency is sensitive to retention fraction of chemical species. However, they suggested that multiphase chemistry cannot be well simulated without detailed representation of the aqueousphase chemistry in the model.
The main motivation of the present study is to examine the in-cloud and subcloud sulfate aerosol processes during a dust transport over the South-Western part of Macedonia. It is achieved using the local environmental profiles derived from the numerical weather prediction (NWP) model with different horizontal grid resolution at that time/location to initialize a separate cloud-chemistry model. This models a much smaller sub-domain over the location of interest at a significantly refined horizontal and vertical resolution capable of realistically simulating convective cloud-chemistry processes. It makes the model more suitable for the sensitivity simulations and shows a better skill in resolving of cloud-chemical processes. Two sets of numerical simulations were done: varying the meteorological initialization and alternately turning off certain chemical processes participating in sulfate production. In BModel formulation and description^section, we briefly describe the convective cloud model background and sulfate chemistry sub-model, numerical technique, and boundary conditions. Numerical experiments, initial conditions, and experimental setup are explained in BObservational analysis and model setup^section. Then, we focus on evaluation and validation of the results against the observation. Finally, results are discussed and summarized.
Model formulation and description

A cloud-chemistry model
A cloud-chemistry model is a three-dimensional (3D) nonhydrostatic, compressible time-dependent, model with dynamic scheme from Klemp and Wilhelmson (1978) , thermodynamics proposed by Orville and Kopp (1977) , and bulk microphysical parameterization scheme according to Lin et al. (1983) . This model version is coupled with a sulfate chemistry sub-model to simulate the chemical and physical processes in convective clouds. Sulfate chemistry is dominated by aqueous-phase reactions on the time scales typical for convective clouds studied. Therefore, gas-phase chemistry could be neglected in the present study. The chemical fields in the model and sulfate aerosols expressed in terms of mixing ratios are advected simultaneously with the dynamic and bulk microphysical fields without aerosol bin size used in our model. Only sulfate chemistry is considered in the present version of the model. Our chemical sub-model uses as basic mathematical framework a set of conventional continuity equations for each chemical species associated with the corresponding hydrometeor field (e.g., cloud water, cloud ice, rain, hail and snow).The present research describes in detail sulfate chemistry as it was done in a study by Taylor (1989) . Sulfate production and subsequent deposition through precipitation are considered by the following processes: chemical reactions (gas conversion + oxidation), scavenging of aerosol particles, and transfer of sulfate aerosol among different hydrometeor fields by the microphysical transitions. A schematic of the aqueousphase sulfate processes is shown in Supplemental Material ], which is given by the simple charge balance equation (Taylor 1989 ):
More information regarding the cloud physics, sulfate chemistry parameterization, initial and boundary conditions, and model initialization could be found in Telenta and Aleksic (1988) , Ćurić (2003, 2005) , and Barth et al. (2007b) .
Observational analysis and model setup
In situ measurements 24 h with a Wet Only Sampler ARS 1510. Environmental observations and the ambient air quality measurements were carried out within the framework of the European Environmental Program-EMEP. Chemical analysis of anions were carried out using standard UV-VIS method which is based on anion separation, their measurement by conductivity and identification on the basis of retention time as compared to standards, and finally quantification by measurement of peak area. Heavy metal analyses of the collected precipitation in Lazaropole were performed using an atomic absorption spectrometer VARIAN SpectrAA 220. The considered period covered by this study was April 2000, with special attention on 3 and 4 April, when highest concentrations are measured.
WRF-Chem model configuration
The last released WRF-Chem v. 4.0 model Grell et al. (2005) was configured to simulate the sulfate transport and wet deposition during on 3 and 4 April, when the chemical analysis performed at the environmental station Lazaropole indicated maximum sulfate volume concentration and wet deposition. This coincides well with the date when considerable dust is transported over central Mediterranean, through southern Italy over, SE Europe and western, mainly the mountain part of Macedonia and well captured by the WRF-Chem model forecast with a coarse grid resolution shown on Fig. 1 . The GOCART aerosol module has been also incorporated in the model and implemented over a Mediterranean domain without aqueous-phase sulfate chemistry to simulate this specific case study. Three nested runs have been performed with 9-km, 3-km, and 1-km horizontal grid resolution, respectively. The initial fields and boundary conditions were taken from NCEP FNL (Final) Operational Global Analysis data on 1-degree resolution.
Cloud-chemistry model initialization using WRF model
The local environmental profiles from The Weather Research and Forecasting (WRF) model based on Skamarock et al. (2008) are used to initialize a separate cloud-chemistry model over much smaller sub-domain over Lazaropole. The model has been configured at a significantly refined horizontal and vertical resolution capable of realistically simulating cloudchemistry processes. The physical parameterization package of the model includes planetary boundary layer (PBL), microphysics (MPS), the surface processes, turbulent mixing, convection, radiation, and diffusion. The Noah land-surface scheme is based on Chen and Dudhia (2001) . The model microphysics is based on WRF Single-Moment 6-Class (WSM6) microphysics (Hong and Lim 2006) . WRF forecasts for each selected day have been performed using NCEP FNL operational global analysis and forecast data on 0.25 by 0.25 degree grids, at each 6 h, interpolated to a WRF single model domain. As this particular event is strongly sensitive to the detailed mesoscale initialization, our basic approach is to employ four different initialization approaches for this experimental setup. The model configurations adopted over three model domains are displayed on Fig. 2 . The entire grid system has 38 vertical layers with a terrain following hybrid sigma coordinate, and the model top is located at 50 hPa. WRF runs Fig. 2 The WRF model selected domains. The outer box is domain 1 (10 km). The inner boxes denote the domain 2 (5 km) and domain 3 (2.5 km), respectively, with the location of Lazaropole inserted in the smaller nested domain with a 10-, 5-, and 2.5-km grid lengths are initialized on 2 April 2000 at 1200 UTC, with forecast duration of 24 h. The first 12 h of the simulation represent a spin-up period. The vertical stratification of the atmosphere (potential temperature, specific moisture, and the horizontal velocity components) creates the initial meteorological input for running the model shown in Supplemental Material Fig. S2 . An atmospheric profile identifies several important instability features that might be responsible for the initiation and evolution of this convective event. The WRF profiles indicate decrease in potential temperature profile at 3 km height, moisture deficit at the near surface layer (2.5 km), and wind veering and enhanced wind shear in PBL layer. 2− as pollutant distributions expressed through the mixing ratios are assumed to fall off exponentially, e.g.,
where H is the scale height. The vertical profiles of sulfate aerosol, sulfur dioxide, ammonia in air μg·kg -1 (air), hydrogen peroxide, and ozone (ppbv) are displayed in Supplemental Material Fig. S3 . The initiation of convection is performed using thermal bubble with a minimal temperature perturbation in its centre. This model setup with fine horizontal grid resolution of 0.5 and 0.250 km vertically gives some advantages in better representation and treatment of the convective scale and chemistry processes which are on a subscale model domain in respect to the numerical scheme. The sensitivity runs have been performed using a three-dimensional version of the model with very fine spatial resolution of 0.5 km × 0.5 km × 0.25 km. Since the model equations are compressible, a time-splitting procedure is applied to achieve numerical efficiency and stability. Thus, sound-wave terms are solved separately using a smaller time step Δt=1s, while all other equations are treated with a larger time step Δt=5s which is appropriate for the time scales of physical interest. The cloud model domain covers atmospheric volume with dimensions 81 × 81 × 16 km 3 or 161 × 161 × 60 grid points. The initial impulse for convection is the ellipsoidal thermal bubble positioned 15 km to the left in the central portion of the cloud model domain, at height of 2.0 km. The radial dimensions of the bubble are x* = 15 km, y* = 15 km, and z* = 3.5 km, respectively. The temperature and velocity perturbations respectively have maximum values in the bubble's center and exponentially decrease toward zero at the bubble's boundaries. The cloud-chemistry sensitivity tests have been performed for a period of 2 h when atmosphere was convectively unstable. Traditionally, for cloud model initiation and running, we require initial meteorological parameters from upper air sounding measurements and initialization using thermal bubble with maximum temperature perturbation in its center. The present approach proposes cloud model initialization using initial environmental profiles derived from a WRF model. It produces a more detailed information about the local meteorological environment. The initial state setup using the profiles extracted from WRF requires a smaller temperature perturbation of amplitude 1.0 K added in the center of the domain to initiate convection, relative to cloud model initialization based on the upper air sounding data. Crucially, this cloud-chemistry model has open lateral boundary conditions, so it can freely evolve and produce net ascent/convergence/divergence across its domain without being constrained by the lateral boundary conditions (LBCs) from WRF model. Therefore, the present approach gives some potential advantage in cloud model initialization and initiation of shallow or a deep convection, better treatment of the cloud-chemistry processes and their interaction, which are on subscale in respect to the model and lower central processing unit (CPU) time needed for integration under fine-resolution computing model.
Model results
Rainfall samples of 3 and 4 April 2000, rich with visible yellowish particles, were analyzed. Aerosol particles partially dissolved in precipitation changed their qualitative and quantitative features, acidity at first, and increased the content of all chemical components. Apparently, the existence of peak values can be noticed on 3 April for all considered parameters. The maximum sulfate volume concentration of 6.69 (mg/l) and wet deposition of 42.04 mg/m 2 is evidenced on 3 April 2000. The increase of content of all chemical species (e.g., anions, cations, and heavy metals) significantly changed the qualitative-quantitative features and acidity. Figure 3 displays the results from the forecast of the particulate sulfate on 3 April 2000 12:00 UTC and compared with ground-based observation. It is obvious that WRF-Chem model simulations with 9, 3, and 1 km grid-length tend to underpredict the sulfate aerosol concentration. The maximum calculated concentration seen in a finer resolution run is associated with higher emission rate of sulfur dioxide from a lignite mine located in this southwestern portion of the model integration domain. In general, all the sensitivity tests revealed that aqueous-phase oxidation of sulfur dioxide by hydrogen peroxide and ozone, missing in this configuration, leads to this discrepancy. In order to overcome this problem in our further analysis, we have employed a cloud-resolving model with aqueous-phase sulfate chemistry module. The cloud model is initialized using the local environmental profiles from the WRF model and running in a smaller sub-domain over the location of interest. Two types of sensitivity simulations are conducted: varying the meteorological initialization, and alternately turning off certain chemical processes.
Sulfate chemistry simulations under different initialization
Cloud-chemistry model running with WRF-derived input is a good choice in case when upper air sounding is missing or its location is on a certain distance from the area of interest (as our case). Thus, the available measurements of vertical stratification of the atmosphere are not really representative and therefore interpolation procedure using a neighborhood method of four adjacent upper air sounding profiles should be applied in order to provide reliable meteorological information. Except the local environment profiles from a location, the topography of the terrain has significant role in the air flow and generation of mesoscale convective instability. The western part of Macedonia is surrounded with mountains, where updraft motion is forced when a moving air mass encounters the rising slope of a mountain ridge. The atmospheric conditions on 3 April 2000 were favorable for initiation of enhanced convection which tends to develop when moist instability coincides with sufficient terrain-induced ascent to locally overcome convective inhibition. At such unstable atmospheric conditions, the upper meteorological station evidenced increased concentrations of all chemical elements. The primary reason for that is enhanced convection forcing by the topography, having impact on the horizontal vertical transport of pollutants as it is found by Vujović et al. (2014) , processing of aerosols in a mixed-phase convective cloud and significant influence on the gas redistribution, sulfate production, and wet deposition.
The first model run is specified by meteorological parameters obtained from an observed upper air sounding. Other numerical simulations have been initialized from WRF model forecasts with 10 km, 5 km, and 2.5 km grid resolution. Figure 4 depicts the vertical cross-sections of sulfate volume concentration in 25 min, at the most intense phase of cloud evolution, using a different model initialization. It is apparent that simulation with the upper air sounding initialization shows a more uniform distribution of sulfate aerosol mass. The sulfate concentration averaged over the simulation time indicates much lower value relative to measured volume concentration at the meteorological station Lazaropole. The similar result with slightly higher sulfate concentration of 4.2 mg/l is obtained using initialization with 10 km-scale WRF model and applying cumulus parameterization. The cloud model simulation with initial meteorological parameters derived from 5.0-and 2.5 km-scale WRF model forecasts and explicit treatment of convection shows a more detailed representation of the sulfate aerosol transport and redistribution and thus a better quantitative estimation of the sulfate volume concentration of 7.0 mg/l which is similar to that obtained from laboratory measurement. That is mainly due to better initial meteorological input and finer spatial and temporal resolution of cloud model that is capable to resolve the convective scale processes in more detail. These factors are dominant for cloud-chemical processes interaction and the modification of sulfate concentration which influences on sulfate budget and acidity of precipitation.
Spatial distributions of sulfate aerosols
We continue with the examination of the spatial distributions of sulfate aerosol in condensate phase from 5 to 60 min of the simulation time as depicted in Supplemental Material Fig. S4 . The dashed curve delineates the cloud boundary, while the solid curves represent isopleths of sulfate expressed as volume concentration. The numerical simulation has shown initial convection evolved from a stratified cloud environment. We note a near cloud base convergence detected in the vortex area embedded between forward flank updraft and rear flank downdraft region. The rapid vertical transport of sulfate in the cloud developing stage is due to updraft and the mass transfer by nucleation scavenging of the sulfate particulate matter. The nucleation process of sulfate aerosol is important as it represents the primary activation of cloud condensation nuclei (CCN). The nucleation efficiency indicates that 80-100% of the total aerosol mass is activated and incorporated into cloud drops when there is condensation. This process occurs at a cloud base, and the numerical simulation indicates an increased concentration at the initial stage of cloud evolution at the cloud base. Subsequently, sulfate parcel with relatively lower concentration is advected and diffused by the turbulent flow toward the upper portion of the cloud. Early formation of rainfall contributed in acceleration of the microphysical transfer process among water categories and sulfate mass conversions between other chemical species participating in sulfate production and wet deposition. After this, the updrafts are not sufficient to maintain sulfate mass at the cloud base, and washout by rain gradually reduced cloud dissolved sulfate. From 40 min of the simulation time, enhanced zonal circulation at the upper levels move the sulfate mass in the central part of the model domain, contributing to more uniform distribution of sulfate. It is seen that the rain-loaded sulfate in small fractions reaches the ground leading to wet deposition. Soon after that, when the cloud enters dissipation stage, a new cloud movement and activity is detected at the inner portion of the cloud model domain.
The spatial distribution of H 2 O 2 , O 3 , NH 4 + , SO 2 and SO 4 2-of chemical species participating in sulfate production and wet deposition during most intense stage of cloud evolution is shown in Supplemental Material Fig. S5 . We note a more rapid vertical transport of ozone, hydrogen peroxide, and sulfate maximum concentration and a maximum mixing ratio located near the central part of the simulated cloud. The vertical profiles of microphysical fields, wind structure, updrafts, and downdrafts displayed on Fig. 5 indicate the importance of physical processes upon sulfate chemistry. The formation of rain gradually reduces the mass of dissolved sulfate. After that, formation of anvil becomes apparent. A new cell is initiated at the outflow boundary on the downshear side of the convective cloud between updraft and downdraft regions in the lower part of the atmosphere. It is accompanied by a strong vertical gradient of sulfate aerosols at cloud base as the result of sulfate mass transfer by nucleation scavenging. Here, the maximum concentration of sulfate aerosol mass is apparent.
We have also examined the relative importance of scavenging, oxidation, and ice-phase processes in the model (see Supplement Material), which influences the sulfate budget and acidity. In addition to aforementioned processes, we have also applied a fully explicit calculation of gas dissolution in cloud water. The results from this numerical simulation are compared with the base run. The vertical profiles of sulfate aerosol, alternately turning off certain chemical processes which influence on sulfate production and wet removal, are exhibited in Supplement Material Fig. S6 .
The sulfate wet deposition and the acidity of precipitation can be estimated using the simulated pH factor. Vertical distribution of cloud water pH at the most intense phase of evolution, using a different model initialization, is displayed in Fig. 6a . The main characteristics of the diagram are the strong vertical gradient and similar pattern distributions of cloud water pH during development phase of cloud evolution. The difference between the vertical distributions of pH inside the cloud is more evident in run with 2.5 km initialization as the result of early dissolution of pollutant near the cloud base relative to other runs. The rainwater pH (see Fig. 6b ) shows a strong gradient at the near surface layer with spatial displacement of the shapes in all runs derived from WRF forecasts with an averaged pH value decreased to 4.5 in 2.5 km run. On the other hand, the simulation using upper air Fig. 4 Spatial distributions of sulfate volume concentration (mg/l) in 25 min of the simulation time on 3 April 2000 12:00 UTC, using a different model initialization sounding as model initialization and initial data input, the rainwater pH develops into an irregular shape (not shown) followed by a weakening as the results of early washout and partial evaporation.
Comparative analysis and verification of the results
Results obtained using this coupled cloud-chemistry model have also been compared with available in situ physical and chemical measurements at the meteorological station Lazaropole. The comparison between the simulated parameters (precipitation, sulfate volume concentration, wet deposition, and rainwater pH), with observations during March-April 2000, is depicted in Supplemental Material Fig. S7 . In general, there is a relatively good agreement between the measured and simulated results during the entire analyzed period. The difference between the results becomes more evident when cloud-chemistry model is initialized with upper air sounding data and 10-km-scale WRF model. The quantitative verification of the simulation results using different initializations has been also applied using standard statistical methods. Table 1 lists the linear bias or mean error (BIAS), mean absolute error (MAE), root mean square error (RMSE), and the correlation coefficient (CC). The verification has been provided for meteorological and chemical model outputs for the whole examined period. The mean error (ME) as measure of overall reliability indicates the averaged direction of error. The negative mean algebraic errors indicate under-forecast of precipitation. A 2.5 run shows a slightly positive mean error which means more accurate simulation and thus better agreement with the observations. The difference between cloud-chemistry simulations is more evident considering the average magnitude of the errors (MAE and RMSE). The evaluated results implied that a greater magnitude of errors are determined for precipitation and wet deposition, for cloud model run initialized with upper air sounding data and those based on WRF model with coarser grid resolution. A cloud-chemistry model initialized with the local environmental profiles from a 2.5-km-scale WRF shows a better 
Concluding remarks
A cloud model coupled with sulfate chemistry sub-model has been used to examine the sulfate production and wet deposition over a rural location in Macedonia during March-April 2000. More significantly, this model runs with an open lateral boundary conditions. It allows simulation of convection and associate processes across its domain without being constrained by the lateral boundary conditions (LBCs) from WRF model. Therefore, the present method gives some potential advantage in cloud model initialization and initiation of shallow or a deep convection and better simulation of the cloud-chemistry processes. A set of numerical experiments has been performed with WRF model conditions, using different horizontal grid resolution. Our main motivation is to evaluate the model ability and its performance in simulation of aqueous-phase sulfate chemistry in convective cloud.
The cloud-chemistry model is initialized with an ellipsoidal thermal bubble with minimal temperature perturbation of 0.2 (K) in the bubble center. The chemical field initialization is based on the vertical distribution profile of chemical species participating in sulfate chemistry provided from the laboratory measurements at Lazaropole station using standard chemical analysis of rainfall samples, carried out within the EMEP Programme. The analysis shows that the maximum volume concentration of SO 4 2-, pH value, and wet deposition is measured on 3 April 2000 when considerable dust was transported into atmosphere. Numerical simulation with initialization derived from 2.5-km-scale WRF model forecast and explicit treatment of convection provides a more realistic simulation of the structural and evolution properties of cloud with chemistry during the whole life cycle of cloud and better represents the cloud-chemistry interactions and the modification of the pollutant concentration. It is evident that simulated sulfate concentration averaged over simulation time is very close to measured volume concentration compared to other runs, which use upper air sounding data as meteorological input and WRF forecast with 10 grid increment and cumulus parameterization. The study also includes the examination of the relative importance of scavenging, oxidation, and ice-phase processes to sulfate production and wet deposition. Most of the sulfate aerosol production occurs in cloud developing phase when in-cloud oxidation of SO 2 by H 2 O 2 and O 3 takes place. The sensitivity tests revealed that scavenging and oxidation contribute for about 33 and 46% in sulfur production, while ignoring the ice-phase chemistry leads to overprediction of sulfate for about 8% relative to the base run using WRF 2.5 km initialization. The comparative analysis has shown a relatively good agreement between simulated and measured data during the entire analyzed period with exception to total accumulated rainfall and the amount of wet deposition which in our study refers to 120 min simulation. The results obtained using 2.5 km WRF model initialization indicate a slightly positively linear bias (BIAS) and consequently smaller root mean square errors (RMSEs), relative to other runs, and thus a better accuracy of all simulated parameters. In addition, a relatively high correlation coefficient found for rainfall (0.731), sulfate volume concentration (0,612), sulfate wet deposition (0.438), and rainwater pH (0.694), respectively, show the cloud-chemistry model performance in more realistic simulation and better qualitative-quantitative assessment of cloud-aerosol processes and their interactions over a smaller environmental domain. The differences are more apparent when upper air sounding and coarser WRF forecast is used to initialize the cloud-chemistry model runs. As summary, the model sensitivity experiments which utilize this method of initialization derived from WRF model conditions with fine horizontal grid resolution provide better representation of the local meteorological environment as important ingredient for cloud initiation and simulation of the convective-scale processes which are responsible for cloud evolution, cloud-chemistry interactions and transformation, sulfate production, and subsequent deposition. Even though this novel method showed some advances and potential in more realistic simulation of cloud-aerosol processes, our overall conclusion is still limited and restrained due to the fact that only a single case is examined. However, the results from these preliminary tests give some potential added value for further testing and evaluations of other cases. Our work will be further focused on improvement of the method by examination of microphysical and chemical transfer processes in convective clouds, utilizing a different model configuration and initialization applying advanced verification methods which will allow a better evaluation of the results and more reliable qualitative-quantitative air quality assessment.
